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Transient Stress-Coupling Between the 1992 Landers and
1999 Hector Mine, California, Earthquakes
by Timothy Masterlark and Herbert F. Wang

Abstract A three-dimensional finite-clement model (FEM) of the Maojave block
region in southern California is constructed to investigate transient stress-coupling
between the 1992 Landers and 1999 Hector Mine carthquakes. The FEM simulates
a poroelastic upper-crust layer coupled to a viscoelastic lower-crust laver, which is
decoupled from the upper mantle. FEM predictions of the transient mechanical be-
havior of the crust are constrained by global positioning system (GPS) data, inter-
fercmetric synthetic aperture radar (InSAR) images, fluid-pressure data from water
wells, and the dislocation source of the 1999 Hector Mine earthquake. Two time-
dependent parameters, hydraulic diffusivity of the upper crust and viscosity of the
lower crust, are calibrated to 1077 m®sec ™' and 5 % 10" Pa-sec respectively. The
hydraulic diffusivity is relatively insensitive 1o heterogeneous fault-zone permeabal-
ity specifications and fluid-fAow boundary conditions along the elastic free-surface at
the fop of the problem domain, The calibrated FEM is used (o predict the evolution
of Coulomb stress during the interval separating the 1992 Landers and 1999 Hector
Mine earthquakes, The predicted change in Coulomb stress near the hypocenter of
the Hector Mine earthquake increases from 0,02 to (LO5 MPa during the 7-yr interval
scparating the two events. This increase is primarily attributed 1o the recovery of
decreased excess fluid pressure from the 1992 Landers coseismic (undrained) strain
field. Coulomb stress predictions are insensitive to small variations of fault-plane dip

and hypocentral depth estimations of the Hector Mine rupture,

Introduction

During the 1990s, two large seismic events (the 258 June
1992 M, 7.3 Landers and 16 October 1999 M, 7.1 Hector
Mline earthquakes) occurred in the Mojave block of southern
California. The abundance of deformational data associated
with the 1992 Landers carthquake provides unprecedented
opporunitics o characterize ransient, postseismic surface
deformation, Several mechanisms have been proposed toex-
plain postseismic deformation, including gravity boading,
afterslip, viscoelastic relaxation, and poroelastic effects,
Gravity loading causes ransient deformation due 10 the
equilibration of coseismic vertical deformation, Although
the effects of gravity boading oceur over o regional scabe
(Pollitg, 1997}, the expected magnitude of deformation is
much less than that of the other postssismic deformation
mechanisms, and gravity-loading effects are neglected in
this study, Models with o single deformational mechanism
are insufficient to explain observations (e.g., Savage and
Swarc, 1997; Deng er al, 19%948). A combination of defor-
mational mechanisms is necessary to account for observed
deformation, and it has been recognized that poroclastic ef-
fects must be accounted for in models of postseismic defor-
mation for the 1992 Landers carthguake {Pelizer ool 1996,

19498, Bosl and Nur, 1998), Poroelastic theory predicts sian
from seismic displacement will produce significant excess
fluid pressure in the near-field region. Likewise, the decay
of this excess Auid pressure will induce transient deformia-
tion, Although afterslip may contribute significantly o
postscismic deformation, we assume that shear stress relax-
ation im the lower crust is entirely due to viscoelastic relax-
ation. Furthermore, for the case of stike-slip dislocation,
surface deformation derived from the two mechanisms is
indistinguishable (Savage, |9, We investigate fransient
postszismic deformation pssociated with fluid Aow and vis-
coelastic relaxation due to the Landers earnthgquake and quan-
tify the quasistatic coupling between the 1992 Landers and
1999 Hector Mine earthguakes.

Recent Mojave Block Earthquakes

The Mojave block is o wedpe-shaped structure bound
ter the west by the San Andreas fault (SAF) and to the north
by the Garlock Fauly (Fig, 1), The easten edge of the block
% marked |:'|'_'.' :Lﬂ‘n’lJl-I:hEllrJing g,uuphr.wil;al, crust I;hi:,:hm:ss,
and physiography discontinuities {Dokka, 19807, The east-
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Map af study area. (a) The Mojave block ishaded regiony of southern

Califormin. (b} Site location, 1992 Landers, Califomia earthguake. The fault wrace i
simplified 1o inclade three fauli segmenis: L1, LY and L3, Lefi-lateral rupiure along
the Rig Bear (BR) fault ocewrred |88 minuies after the Landers naprure. A slmgle 23-
km foult simiking norbewst with an epicenter locassd T km from the southwest end i3
assumed, The Hector Mine epicenter is located 30 km portheasy of the Landers repoure,
The: simiplified ruptare plane is labeled HM. Labeled wiangles mark the locations of
the || GPS santions wsed for calibrastion of the transient model.

ern edge of the Mojave block appears to mark the westem
bounsdary of the rigid North American plate (Bennett er al,
4=, The Maojave block is cut by several northwest-trending
faules with right-lateral offsets. 5lip rates for the individwal
faults are relatively small (bess than 1.0 mmeyr ™ ') (Hauks-
son ef ail, 193, The Mojave block is pant of the casiemn
California shear zone, an B-km-wide region that extends
narthwest from the souwtheast comer of Califormia through
the Death Valley region and that may accommodate as much
as X% of the total plate motion between the North American
andd Pacific plates (Miller ef al., 208017,

Rupture from the 28 June 1992 Landers, Califomia,
earthiquake occurmed along five major and several minor fault
segments within the Mojave block, The hyvpocemtral depth
was about B km (O er @, 1%, The dislocation was pri-
marily night-lateral strike slip, with up to 6 m of offset ob-
served along the B5-km surfuce trace of the rupture {Wald
amd Heaton, 14 (Fig, bl A wide variety of quantitative
data, including strain meeter, water bevel, very long baseline
interferometry (VLEIY, GPS, and nSAR images were col-
lected, in part due o the event’s bocation in the desert and
relatively large mognitude.

The M, 6.1 Big Bear earthguake occurred about three
hours after the Landers carthgquake. Rupture from this earth-
yuake dich not reach the surface, Initial investigations of focal

mechanisms and aftershock data (Hauksson ef afl, 1993)
suggested lefi-lateral slip along a northeast trending fault
plane. Oihers have suggested a more comples rupture pat-
term, which may inclisde muliiple smaller evemts along both
conjugate planes with a focal depth of 11-14 km (Jones and
Houwgh, 1995).

The 16 October 1999 A4, 7.1 Hector Mine, California,
carthquake ruptured the Lavic Lake fault and 3 series of
northwest-trending faults that are subparallel 1w the rupure
of the 1992 Landers earthquake. The focal mechamism of the
Hector Mine carthquake mainshock includes a nodal plane
irending nomh-nosthwest and dipping 7T (Parsons and Dre-
ger, 2000) and a hyvpocentral depth of abowt 5 ke (Dreger
and Kaverina, 2000y Parsons and Dreger, 2000; Sciennsis of
the USGS e al . 2000). The fault trace 15 about M) km east
of the 1992 Landers rupture. Slip is primanly right lateral,
with an average magnitude of 3 m. Ground-based measure-
ments indicate a maximuam dislocation of 523 m (Scientiss
of the USGS ef al, 2000), while InSAR images sugpest a
miaximum slip of 7 m (Sandwell e al., 20000, We assume
rupture alomg a single fault plane for the 1999 Hecror Mine
carthgquake (Huwrst er ail, 2000, becawse we consider the de-
formation leading to, but not incleding, the initiation of the
Hector Mine mpture.

Initial investigations of static coupling between the
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1992 Landers and 1999 Hector Mine eanthquakes are some-
what inconclusive (Wyss and Wiemer, 2000 Harris and
Simpson, 2002). Some studies report thit the hypocenter of
the 1999 Hector Mine carthaguake 15 in the stress shadow of
the 1992 Landers canthquake {e.g.. Hauksson er o, 19949
Wyss er gl 1999), while others suggest the opposite (Par-
sons and Dveger, 20000, These static-coupling analyses uli-
lize simplificd fluid-pressure treatments and neghect transient
effects. Furthermore, the analyses include homagenecus
elastic half-space (HEHS) madels, which may be poor rep-
resentations of the real mechanical system, In thos study, we
will demonstrate that significant changes in stress and fuid
pressure evolved over the T-yr interval that separates the two
events.

Finite-Element Maodel

The finite-clement code ABAQLUS (Hibbit, Karlsson &
Rorensen, Inc., 1998) is wsed 1o solve the governing egua-
tions for displacement in a linewr (Maxwell) viscoelastic ma-
terial {e.g., Jacger. 19650 and both displacement and excess
flwid-pressure in o poroelstc material (e.g., Wang, 20000,
The three-dimensional finie=elemen model (FEM) consists
of two 15-km-thick layers i which a fully coupled poro-
elastic upper crust overlies a viscoelastic lower crust layer.
The upper mantle s imphatly modeled via the boundary
comditions a5 decoupled from the lower crust. The transient
response of the model is controlled by two adjustable param-
cters. (hydraulich diffusivity in the upper crust and viscosity
of the lower crust. A self-consistent set of poroelastic amd
drained elastic parameters (Wang, 2000} are vsed in the up-
per crust and lower crust Layers, respectively (Tuble 1) Our
choice of poroelastic parameters is based on the sensitivity
analysis performed by Masierlark (20000, The model con-
figurstion, shown in Figune 2 and summarized in Table 2. is
designed o allow for modifications to test sensitivities o
relutive foult-zone permeability, Auid-fliow boundary con-
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Figure 2. Finite-clement model configuration,

Fimite-Element Model Confipurmion and Specifications,
Mozl A (Freferred Maodel)
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ditions, elastic parameters, and poroelastic versus elastic
upper-crust rheclogy,

The problem domain in a horizontal plane is separated
into thres regions centered on the Gl race of the 1992
Landers rupture, which is simplified to consist of three major
fault segments; L1, L2, and L3 (Wald and Heaton, 1994)
(Fig. 2). The fault trace is bounded For 200 m on either side
{Johnson e ai., 1997) with elements representing the Tault
zone. The near-field region, messuring 80 km {easti-west)
and 100 km (north—south), surrounding the Fault 2one con-
sists of elements measuring | km per side, The far-field re-
gion extends the honzontal problem domain 1o 600 km per
side. Elements in this zone gracdually increase in size by a
factor of 1.2 with distance from the near-field region. A third
region bounds the far-feld region with infinite elements that
simulate exponential decay 1o zero displacement at infimity.

The fault is a deformable contact surface containing a
distribution of 910 contact node pairs, Specified dislocations
are applied to contact node purs along the fault surface
(Masterlark ef al., 20000 o simulate the 1992 Landers co-
seismic slip distribution (Wakd and Heaton, 19940, The up-
per surface 15 an elastic free surface with specified zero
excess Auid-pressure, while laeral boundaries are zero dis-
placement and zero excess fuid pressure. The bottom of the
poroelastic layver 15 a no- Ausd-flow boundary. The bottom of
the lower crust is given a siiffness per unit arca, normal to
the hasal surface, using the material properties of the upper
mantle (Turcotte and Schubert, 1982), Due to the relatively
short duration (3.5 yr} of postseismic deformation consid-
ered in this study, we neglect the viscoelastic flow in the
upper mantle based on continental lithosphere strength en-
velopes (Kohlstedt of ol 1995) and other stedies that as-
sume o relatively high upper mantle viscosity (Kaufman and
Rovden, 1994; Deng ef al,, 1998; Pollitz e ol 1998) with
respect to the viscosity of the lower crust.

The initial stress amd Auid-presswre conditions are geo-
stahic, Excess flwd pressure is zero throughout the poroelas-
tic wpper crust and there are o deviatoric siresses in the
viscoelstic lower crust, These conditions neglect plate-
bowmtary loading de.g.. Deng and Sykes, 1997) and hydrau-
lic stresses due 10 the hydeslogic cycle (e.g., Domenico and
Schwartz, 19900, Thermal Auid buovancy effiects are also
neglected,

Cosesmie Dislocation Load

Undrained conditions exist in the poroelastic upper crust
immediately after a sudden dislecation because the coseis-
mic stress 15 tranaferred throughout the system much faster
than fuids can fow (Wang, 2000). Likewise, the viscoelastic
bower criest exhibitg a satic response to the coseismic load
because the time constant for the viscous flow is much Larger
than the tme required for the transfer of coseismic siress,
The FEM 15 constriscted to simulate the undrained elastic and
elastic (shor-time ) coseismic response dwe to a dislocation
in the poroelastic and viscoelastic lavers, respectively.

Several dislocation-distribution models. restricted o
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horizontal slip along vertical fault patches, are available for
the Landers rupture (Muorray er all, 19%93; Freymuller er al.,
199:4; Hudmuwt er al. 1994; Johnson ef af., 1994; King et al,,
1994; Wald and Heaton, 1994). These models vary in com-
plexity from constant slip along a single fault segment (King
er al.. 1994 o 186 variable dislocation paiches distributed
over theee fault segments (Wald and Heaton, 19%94). The
dislocation-distribution mode] selected as the coseismic load
for this study. that of Wald and Heaton (1994), is based on
gendetic data, strong motion. teleseismic waveforms, and
surface-offset measurements. [t allows for depth-dependent
slip and accounts for the fault siep-over peometry of the
surface-frace. Because thers is evidence for vertical ship
components along  fouli-segment L3} (Armowsmith  and
Rhodes, 1994, Deng of al.. (1998) suggested o dislocation
distribution combining the Wald and Heaton {1994 disho-
cation distribution with 0.7 m of vertical slip along fawlt
segment L3 o produce postseismic fanlt-normal surface dis-
placement near the fault zone, which an aftership masdel al-
Inwing for horizental slip only could not reproduce (Sovags
and Svarc, 1997).

Competing Models

Five models are investigated (Toble 3), Model A is the
preferred model; the other four competing models are con-
siructed io fulfill dual purposes, First of all, the competing
models are wsed for sensitivity analyses, Second, the plau-
sibility of competing model results is wsed o discriminae

Table 3
Preferred {Model A) and Comgeting Models (B, C, I, and E)

Model A ipreferred model)

wpper-cnest dheology pocssl astic

slip el (Wald and Hearom, 1554}
relative Rult-mome pemeatility I

Auid-Aow boundiry, Lo AP = il

Muodel B

wpper-crust rheclogy ez laslic

slip: madel (Wald and Hearon, 1554}
relative Faull-some permeatiling 1

Auid-Aow boundary, Lo AF =1l

Mlodel C

upper-cnest rheology pomis:lastic

alip madkel Wald and Heanon, 159944
relative Rull-zome permeabiliny 1]

Auid-Aiew boundiry, Lo AF = ]

Mellosdbel I

upper-cnesd rheslogy poreelastic

alip mesdkel ('wald and Hearom, 1554 )
melitive Ful-pone permeabiliny L

Muid-Nid Batindary, g i flw

Mludel E

upper-crgd rheslogy elasnic

alip mackel (Deng el 1EIK)
melative: Fauli-gore permeahiliny MA

Muid-Nixe Boindary, g Y
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among & vanery of conceprual models. Models B and C test
the sigmificance of relatve fault zone permeability. These
models inelhwde relanively high and low fauli-zone penmea-
balities, respectively, Model D esis the significance of the
fuid-fow bowumdary condition along the elastic free-surface
{Masterlark, J00), Calibration of model B, with 2ero exoess
Huid-pressure specified along the elastc free-surface com-
bined with a relanvely permeable fault zone, produces the
Tower limit For chfTusiviry, Madel D, with o Auid flow spec-
ified along the elasic free surface combined with an imper-
meabde Gl zone, produces the upper limit for diffusivity.
Muodel E 1esiz sensitivity 1o apper-crust rheology and is de-
signed o simulate the mechanics and loading described by
Deng er ol (1998), in which a drained elastic upper crust
owerhies a wiscoelastic lower crusi. For model E, the Wald
and Heaton {1994 dislocation-distribution used in models
AR, Cand [ is combimed with an additional 0.7 m vertical
dislocation along segment L3,

Predections from all models are not expected 1o be pre-
cisely comparable w the observed data. First of all. a dis-
bcation chstribution for the 1992 Landers rupiure does not
exisl for the bowmdary conditions and material property spec-
ilficatians of the FEMs considered, although we include the
Faul-zegment geometry of the Wald and Heaton (1% dis-
bcation distribution, Cither studies, wsing FEMs to predict
postseismic deformation also include the Wald and Heston
{1994y dislocation source that is net consistent with the FEM
configuration (e.g., Deng et al, 1%98; Freed and Lin, 20680 3,
Thes musmatch bevween the assumptions of the dislocation
cistribution amd the FEM configuration can introduce signifi-
cant eoselsmie amd postseismic prediction ermors (Masterlork
ef al,, 3001, Second, we consider only two postseismic de-
formation mechanisms: (1) poroglastic relaxation in the up-
per crust and (2} viscoelastic relaxation in the lower crust,
Postgeismic deformation is meaost likely caused by some com-
bination of these two mechanisms, along with viscoelashc
relaxation in the mantle (Pollitz of af., 2000). afterslip (Sav-
age and Svarc, 1997}, local heterogeneous effects such as
fault zone collapse (Massonnet of @l 1996). and other un-
known mechanisms,

Cibservational Data

Finite-element model predictions are constrainged by dis-
placements derived from GPS data and IsSAR imoges, Pre-
dicted shallow cxcess fluid-pressure distributions are com-
pared to borehole strain meter and water-level data, Becouse
coupling between the 1992 Landers and 1999 Hector Mine
earthquakes includes transient poroelastic and viscoelastic
loading effects, the spatial evolution of Coulomb stress
changes along the Hector Mine rupture plane are comipared
1o the hypocenter location,

The allure of InSAR lics in its ability to detect surface
deformation on the centimeter scale with high spatial reso-

T. Masterlark and H, F. Wang

Iution over a large region {Madsen and Febker, 1998), InSAR
images measure deformation as a change in range along the
satellite line-of-sight (LOS) direction, The LOS direction for
the InSAR images assocised with the Landers event is given
by the basis vector n = [0.33, — 007, 0094] (Massonnet o
al., 1996). We construct synthetic InSAR imiages by project-
ing displacement predictions onio the LOS-basis vecior,

Although a large pool of relevant GPS data 15 available
for bath cossismic and postseismic deformation, two subsets
are selected to ensure self-consistency in terms of data pro-
cessing methods, & subset ol enseismic |J|5|‘.||a|.'E|I|E|II ddata
reported For 92 stations 0 southern California (Huedout er
al., 1994} constrains the cosetsmic FEM [u'edil.'!'n‘.ulh. The 19
stations given in Table 4 are sufficient 1w characterize hori-
zontal cosetsmie deformation in the near-field region of the
masdel, These sations are bocated in a square region with
sides mepsunng roughly 100 km centered on the Landers
rupture trace, Outside of this region, coseismic displacement
magnitudes decrease dramatically and do mol wsefully con-
struin the masdel,

Duta froa the 11 GPS stanons shown in Figure 1b are
selected for the transiem calibration and are also used for
other postsetsmic deformanon studies of incremental dis-
placements followimg a trme-step of 3.4 vears (Savage and
Svare, 1997; Deng ot ol 1998, Peltzer er al, 1998 Polliz
ef o, A0, The staons iransect fault segment L3 and are
Foecwted i@ region with the lasgest expected magnitdes of
poreelasic defommation (Pelizer e al, 1998, Masierlark,
200H1). The tme-seres deformation data from these szatnons
aree shown in Figure 3, Although these 11 stations represent
 relatively sparse array of spatial ohservational data, they
are sufficient 1o constraan the iransient behavior of the maodel
due to their locations,

BHaoth water level and borehole stran data can be used
to constrain dilatation predictions, For undrained conditions,
the change in waler level thydraulic head) is equal to the
dilatateon scaled by a volumerric sirain sensitivity coefficient
(Wang, 20000, Waer level and borehole strain data must be
wsiel wath care for a vanety of reasons. First, the data ane
collested from wells and boreholes with depths limited to a
miesimun of @ few hundred meters. Hence, the data samiple
only a wveneer of the 15-km-thick poroelastic wpper crust.
Because we asume a bulk poroelastic upper crust, water
lewvel ancl borehole strain data sample a different spatial scale
amdd may reflect properties unwgue 0 the near-surface. Fur-
thermare, many of the wells and boreholes are located near
the nodal planes of the 1992 Landers strain ficld. Becawse
vidlumetne sirain gradients are greatest near these planes,
smiall errors in predictions result in large differences with
respect to ohserved data. Significant differences in observed
coseismic water-level changes and water-level changes pre-
chicted from elastic dislocation models have been reported in
oher siudies (e.g.. Roeloffs, 1995 Mastedark er al . 9959,
Relevant water-level and borehoale sirain-meter data are sum-
marized in Table 5.
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Tahle 4
Coseizmic Honizenial GPS Displacement
Coenbredes W] Locadon® {mb Displecerrenit (m)

LTPT ) b, "M b, "W il ikl [ LR ] W, Wy

H% 342046 116,554 T2 20,665 0495 & (MBS — 04580 & h0a7
52 510 116820 — 19 196 4R, 368 0374 + (kR4 e & (OS2
154 34204 1162842 — 1853 13,774 ool & (gl 12293 = 0035
WI5hH 34,370 116687 - 21350 32,202 00T + (M) fadt = 036
#ISH 34,00 1 16.585 - 15815 = 4458 01364 + (LFH) 0.535% + 00G3
A 34136 116,520 T GI7S 0425 & (L0 =X = 0074
HHHE RN 116,716 —IT554 B, | H} —(193% & 01N 0154 + 0057
MK 34 560 | 1868 = 5057 53,334 (LR + () — 12202 = 0030
MR 34705 | 146,225 176531 BT 0170 = (el =227 = 0035
HEAR 14264 | 16.RE4 =43 R 2y 347 —{d = O LR SN NY NE
CHER 140003 | 16,952 49,567 —H704 ] = 00ls 0154 = a0zl
DLUsP A4 T | 16,663 =72 EM T 20 — {284 = OLI6R — 1 = 0058
HECT 14 755 | 16421 2145 74,343 —(L{ME = CU00s —{L324 = 0005
INAS A 00 116515 1] e ] (.10 &= O00E L267 = 0008
LAEY T Ly 116514 =9353 2321 —{.10% = 000 1607 + 000%
BAALIN 419 | 165458 =403 AT (1.5 = (008 — L.66Y = 0005
MEEK Iy 2EE L6617 = |B.54E [ L 1259 + 0007 656 = (006
CIMY X T L] (%411 = 27064 1251% {1,235 = Q052 3,330 = 002%
SANH Ty 258 116279 12,502 a4 411 = (00E — 3 = 000

Froen Hodmm er ol 1994,
*%outhem tip of feeh-segment L1 is e origin
+ 1 signedard deviation.

Postsedsmic Deformation of the
1992 Landers Earthquake

Two types of physical models explaining postseismic
surface deformation due o accumulated shear stress beneath
the cossismic rupture are {1} ascismic afterslip and (2) vis-
coelastie relaxation (Shen er all, 1994), Aseismic afterslip
mesdels have time-dependent slip along a plane downdip
from the coseismic ruptare and often include HEHS assump-
tons {(Savage, 1990}, The simplest postseismic viscoelastic
relaxation models include an elastic layer over a viscoelastic
layer, although multilayer systems are available (Deng et al.,
1998; Pollitz er al., 2000). For the simple two-layer case,
shear stress relaxes through broad deformation of the vis-
coelastic laver, which causes deformation in the overying
elastic layer. The fundamental difference between afterslip
and viscoelastic relaxation models is whether or nod relax-
ation of the coscismic shear stress is confined 10 a plane
beneath the coseismic rupture. The resulting surface defor-
mations from the two models are generally indistinguishable
from one ancther, and afierslip models are often chosen fos
computational simplicity and amenabality 10 formal inver-
sion schemes {Savage, 1990; Savage and Svarc, 1997).

From a modeling perspective, viscoelastic relaxation is
a more natural approach to addressing the relaxation of co-
seismic shear stress, because the driving mechanism is ex-
plicitly derived from the coseismic dislocation load. For the
case of the 1992 Landers earthquake, Deng et al (1998)
constructed & viscoelostic relaxation model constrained by
both GPS data and an InSAR image, To produce the observed

fauli-normal postseismic displacements, a vertical compo-
nent of coscismic slip is included. Although the model sue-
cessfully predicis observed fault-normal displacements a1 a
time-step of 3.4 vr, we will show that their model {our maodel
E} is unable to account for transient displacements. An al-
ternative model using viscoclastic relaxation of the upper
mantle {Pollitz er al, 2000} successtully predhcts the post-
seismic InSAR image and far-field GPS displacements; how-
ever, that model does not predict horizontal GPS displace-
ments very well for locations near the Landers rupiure, We
did mot test the transient response of the model proposed by
Pollitz er al. (2000 because the configuration is significantly
differemt from our FEM.

For the Landers earthuake, displacements predicted by
afterslip models are relatively consistent with observed de-
formation (Shen of al.. 1994; Savage and Svare, 1997), Gen-
crally, the spatial distributions of surface deformation pee-
dicted by the afterslip models are similar w tese for the
coseismic phase, although the postseismic deformation is of
a lesser magnitude and occurs over a broader area. Predicoed
postseismic horizontal-surface displacements (a few tens of
centimeters) for the 3.4-yr period following the coseizmic
rupture are subparallel to the fauli-slip plane. However, an
afterslip mode] does nod reprodisce the faalt-normal displace-
ments observed within a few kilometers of the fault zone
(Savage and Svarc, 1997),

Horizontal deformation normal o the fault and nodal
planes is a characteristic regional scale poroelastic relaxation
response following strike-slip rupture (Peltzer e af., 1998).
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The occwrrence of this fault-mommal deformation swggests
poroelastic effects wre not limited o the fault zone region
(Mussonnet of @f., 199 Peltzer of ol . 199 Bosl and Mur,
1998E) aned must be included as a regional-scale, postseismic
deformational mechanism. Pelizer of ol (1998) pointed oul
that i symihetic InSAR image from either the afterslip solu-
tion or poroelastic effects is inconsistent with the actual
InSAR image for the ~3-yr period following the Landers
rupture and combined both poroelastic and afterslip defor-
mation with superposition, The superposition is not self-
consistent, however, becanse the ofierslip distribution {Sav-
age and Svarc, 1997 is derived from GPS displacements that
contan significant poroelastic deformation components. In
this study, we assume regional deformation following the
1992 Landers earthguake 15 coused by poroelostic and vis-
coelastic relaxation in the upper and lower crust layers, re-

spectively,
Half-Space Approsimation for Poroelsstic Reluoxation

An analytical solution is available for displacement and
its spatial derivatives due 1o specified displacement along a
rectangular fault in an HEHS (Okada, 1992). A complete

quasistatic deformation solution for the 1992 Landers rup-
ture is the superposition of solutions for dislocation along
cach of the 186 fault parches from the Wald and Heaton
(1994 dislocation distribution, The undrained Poisson’s ra-
tio (e, = 0.34) i used w simulate the quasistatic coseismic
response. For the drained (steady-state postseismic) condi-
tion, coseismic excess Auid presures have dissiputed com-
pletely and the drained Poisson's ratio (v = 00251 s used in
the calculations. Steady-stae conditions represent the sgui-
librium response of the system o slip along the it Total
postseismic poroglastic deformation is estimated by taking
the difference between the solutions determined For drined
and undrained conditions (Fig. 4).

The HEHS madel of strike-slip dislocation of the 1992
Landers carthguake predics a guadrantal pattern of com-
pression and dilatational regions. This juxtapesition of com-
pression and dilatation across the modal and fault planes
enhances horizontal posiscismic poroelasne displacement
normal to these planes. In the guadrants of coselsmic com-
pression, positive excess fuid peessure decays 1o eguilib-
rium, inducing a regional contraction, The opposie effect
oocurs in the coscismic dilatational regions, A m@aximum
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{rewd inawes Melide] Liwatiods® (ml Chamge i seder bevel

4 iyt Ian, *% ke, W B (L] 3 im}
from near-field region {RoelodTs o of. 1995}
Gl 3T 117936 — |1, 1) B, 750 42
F53 3R 117.837 — | 30,BBD R4 553 e
Rl HEIN 117.RET — |35, 54 B, 1 5% (LN
HOZ H X0 117 RET = 135.54 B, 1 53 (LN
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iMeasured £, is 49 = 107" and Ak = Er,.

horieontal displacement of (L1E m is predicted normal o
fault segment L3, which illustrates that the GPFS stations used
for postseismic deformation constraints (Fig. 1b) are ideally
located, Similar fault-normal displacement (about 0.1 m) is
predicted for locations near foult segment L1, Caleulated
horizontal displacements are minimal near the regions of
high coseismic excess fuid pressure. Conversely, the great-
est vertical poroelastic displacement (a few centimeters) is
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Figure 4.  Poroelastic relaxation, analytical solution,

predicted for regions near the greatest coseismic excess fluid
pressure, Predicted verical deformation is suppressed near
the nodal and fault planes,

FEM Method

The coseismic distnbutions of poroelastic and elastic
state variables predicted for the upper and lower crust, re-
spectively, serve as the innal conditions for the transient
simulation. The general charactenstics of the predicied co-
seismic surface deformation are shown in Figure 5. Hori-
zomtal deformation is charscterized by increasing displace-
mient tangential to the coseismic dislocation with proximity
to the fault zone. The horizontal displacement 15 generally
convergent in the dilatational quadrants and divergent in the
compressive quadrants with respect 1o the Fault zone. The
vertical displacement forms a guadrantal pattern of uplift and
subsidence regions bounded by the fault and nodal planes.
More complex displacement patterns oecur near the Tl
zone due to the nonuniform dislocation disenbution and Gl
SlEp-0vVET ECOMELry.

Devigtoric stress from the coseismic dislocation load
transferred throughout the bower crust drives subsequent vis-
coelastic relaxation. Viscoelastic relaxation occurs if the de-
viatoric stress is nonzero anywhere within the viscoelastic
materinl. Von Mises siresses with magnitudes in excess of
200 MPa exist in the lower crust bencath the fault zone region
and are not confined to a plane downdip from the rupture
surtce (Fig, &), These stresses decay rapidly with distance
from the fault zone in both horizomal and vertical directions,

The predicted coseismic displacemens from model A
are in good ngreement with observed GPS data (Fig. 7). Pre-
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dictions from models B, C, and D) are identical to the pre-
ferred model, becavse fault-zone permeability and fuid-Aow
boundary condition specifications are imelevant during the
unidrained response. Model E predictions are also very simi-
lar to the preferred model. although careful examination re-
veuls small differences, particularly in predictions near the
Landers rupture trace,

The coseismic InSAR image is dominated by a lorge
displucement lobe in the nonthwest quadrant of the near-field
region (Fig, 8), where about 20 fringes can be identified in
both actual and synthetic InSAR images. Eoch fringe corme-
sponds to D028 m of displacement in the LOS direction, for
a total LOS displacement of (L56 m near the fault truce (Mas-

T. Masterlark and H. F. Wang

sonnet ef al,, 1993), A smuller displacement lobe ocours in
the near-field east of foull segment L2, Line-of-Sight dis-
plicements are suppressed in the southwest and nostheast
guidrants, since the general sense of displacement 15 or-
thogomal 1o the basis vector in these quadrants, This does
not suppest that less displacement ocourred, but that InSAR
images are most sensibive to displacement subparallel 1o the
LOS direction. Predictions from models A, B, C, and ¥ are
i goosd pgreement with the InSAR image, Modal E contains
i feature with concentric fringes, which is inconsistent with
the actual image, southwest of the faalt segment L1,

Excess fuid-pressure calculated for a depah of 2.5 km
and ohserved water-level changes are shown n Figure 9,
The distribution of excess flwid pressure is dominated by the
expected quadrantal pattern of contraction and dilatation
zomes bounded by the fault and nodal planes, Zones of sig-
nificant excess pressure, greater than 10 m of head, exist in
the near-field region and are not confined discontinuities in
the fault irace, We shall show that the extensive distnbution
of the coseismic excess fuid pressure combined with the
Justaposition of positive and negative excess-fMluid-pressure
regions separated by relatively sharp gradienis have a sig-
nificant impact on postseismic displacement and Coulomb
stress as the excess fluid pressure decays. Predicted reaulis
are consistent with observed ceseismic water-level changes
in terma of both magnitude and phase, with the exception of
well I'WR.

For the postagiamic simulation, the maodel is calibrated
in terma of wansient displacement with respect o GPS time-
aeries data over a period of 3.4 ye following the 1992 Land-
ers earthquake. Because secular loading 15 not ineluded in
the FEM houndary conditions, observed GPS displacements
are corrected for reposted secular displacement velocities
prios to the 1992 Landers event (Feigl e al, 1993; Gordon
af @l 1993) using lincar interpolations (Masterlark, 20000,
The GPS stations are several tens of kilometers from the
plate-boundary faults and cumulative comections are rela-
tively small for a pericd of a few vears.

Calibration parameters are viscosity of the lower crust
and diffusivity of the poroelastic upper crust. Time-depen-
dent solutions are determined for L0 months, 2.0 months,
6.0 moenths, 1.0 yr, 2.8 yr.and 3.4 yr following the coseismic
respomnse, This time seguence cormesponds 1o the temiporal
GPS data (Fig. 3). A two-step calibration approach is used.
First, the lower-crust viscosity is calibrated to the long-term
(a few years) displacement, assuming most of the exoess
fluid pressure decays over a relatively shorler time pericd.
The diffusivity is then calibrated to the short-term {8 few
menths) transient displacement using the calibruted viscosity,

The predicted postszismic horizontal displacements are
also compared to observed GPS data for a time-step of 3.4
¥1. neglecting intermediate time-senes data, to allow for di-
rect comparison with the postseismic deformation study by
Deng er al. (1998) (Fig, 101 The FEM predictions for all 10
GFA displacements indicate o displacement magnitwde on the
order of 10 cm over the 3.4-vr time period. The mognitudes
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Mosdel E. The feature soathwest of fanlt sepmemt L1 is destisetly diffensn from the
aetunl imape and the prefemred model symbetic mmage.

of the predictions are in betber agresment than the directyonal
components, particularly near fault segment L3, The model
proposed by Deng er al, (19983 {our mode] E) agrees slightly
better, compared to predictions from the olher competing
madels, with observed displacements for thas hime-step,
Owverall, each competing FEM predicts the pattern of ob
served horizontal deformation and the fault-normal displace
ment observed close to fault segment L3, This is an improve-

Actual ared synthetic coseismic [BSAR images. Each innge, Hack-white—

ment over the afterslip model proposed by Savage and Svarc
{1997}, which predicts minimal fauli-normal deformation for
the corresponding time-step. Comparison among synthetic
InSAR images generated by the competing models 15 relo-
tively inconclusive,

Transient displacement is calibrated with respect to the
neagnitude of horizontal displacement (). becaonse compar-
ison 1o the individual displacement components (w, and &)
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pattern of compressional (shaded regrons) and dula-
tamonal zomes. Observed waler-bevel changes are
summarized in Table 5.

is unsatisfaciory due to the directional mismatch shown in
Figure 10, {GPS station SANH contains the most comprehen-
sive data set for the time-period. and is the only fime-serics
with temporal measurements common to all of the other sta-
tions. The time-serics from the 10 GPS stations fransecting
fault segment L3 are differenced with respect to GPS station
S5AMH, to remove spatially correlated noise (Fig. 2). The
calibration was performed visually, because a more ngorous
statistical analysis {e.g., weighted mean square error) would
nit be appropriate due to the bias in model predictions dis-
cussed in the Competing Models section,

The long-time response occurs duning the later portion
of the 3.4-wr interval following the Landers rupture. Diffu-
sivity is specified to be sufficiently high (10° m*-sec™ ') to
force n relatively instantaneous porselostic response during
the first time-step (a pericd of 1.0 month), The predicted
long-time [ —2.8-3.4 yr) displocement behavior is then cal-
ibrated by varying the lower crust viscosity parumeter, Pre-
dictions from model A with specified viscosities of 4 x 10'®
and 6 % 10'* Pa-sec provide limits for the calibrated vis-
cosity of 5 % 10" Passec. Because the poroelastic response
ocours during relstively short tme penods, the long-=tme
calibration of viscosily is insensitive o varations m Gl
rone permeability and fuid-Aow specifications given in
competing models B, C, and I {Fig. 111, Theoretically, the
poroelastic response from mode] © should be shightly lower,
because the impermeabls fault-zone elements wall mot con-
tribwie o poroelastic relaxation: however, the relative vol-

T. Masterlark and H. F. "Wang

ume of the fauli-zone elements is small compared w the
problem domain, For model E, the calibrated lower-crust
viscosity 18 3 > 10" Passee (Fig. 120,

The diffusivity 15 calibrated 1o the shori-time observed
deformation, using the lower-crust visoosity from the long-
time calibration (5 > 10" Pa-sec) determined above, Model
A displacement predictions, using diffusivitges of 107
m¥sec” " and 1077 mPsec ™!, provide the upper and lower
bounds for the calibrated diffusivity. Although a variety of
cdiffusavities within this range can charactenze an individual
statbon, a diffusivity of 107 mPsec™" it all of the stations
reasonably well (Fig. 13) This diffusavity also fits best for
competing models B (lower-limit configurations, ©, and D
(upger-limit configuration). The data from the stations mear-
eat the fault zone (LAWI and LAED show the largest dis-
placements within the first few months following the co-
seismic event. If the shon-time response is calibrated only
to displacements observed at these two OGP stations, whicl
are most sensitive to poroelastic deformation (Fig. 4), then
the calibrated diffusivity is closerto 10! m*-sec ™! for mod-
els AL B, C, and D). Maodel E, proposed by Deng eral. { 1998],
canmot simulate the transicnt behavior of the system.

The poroclastic and viscoelastic contributions to surface
deformation, predicted with model A, are shown in Figure
14, The FEM poroelastic prediction is similar to the analyi-
ical solution (Fig. 4). The primary difference between the
two is the general reduction in magnitude for FEM predic-
tions due to the differences in boundary conditions. The an-
alytical solution assumes an infinitely thick poroelastic layer,
whereas the FEM has a finite poroclastic layer thickness (15
kmj. Furthermore, the base of the FEM is decoupled from
the upper mantle.

The viscoelastic contribution is dominated by horizontal
deformation similar to the coseismic response, but distrib-
wted over a broader region because viscoelastic relaxation
ogcurs deeper than the coseismic dislocation load. The great-
est displacements are subparallel to the fault planes near the
rupture segments. The mognitwde of vertical deformation is
minimal. Meither the poroelastic nor viscoelastic compo-
nents that we tmed, token individoally, can characterize
postseismic deformation.

Evolution of Coulomb Stress near the 1999 Hector
Mine Earhquake Hypocenter

Acchange in Coulomb Sress 15 @ quantilative estimation
of the change in the endency for frictional slip 10 occur
alomg a locked, pre-existing fauli:

Ao = Aag + fids, + AP}, in

where A 15 the change in Coulomb stress, £ is o coefficient
of friction, A and Ag, are meremental changes i shear
stress aligned with the dislocation vector along a fault and
fault-marmal stress (lension positivel, respectively, and AP
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is the excess fluid pressure (e.g., Rocloffs, 19955, Static-
stress-coupling analyses of the causal relationship between
carthguakes are applicable cither for short ime periods {un-
drained conditions) or long time perid (driined conditions )
following a dislocation (Wang, 20000, We allow for time
dependence in state varables because of transient poroelas-
tic and viscoelastic relaxation.

The spatial and temporal characteristics of hypocenters
are the observational data most directly predicied by Cou-
lomb stress. The calibrated FEM is used to quantify the evo-
lution of Coulomb stress changes, inifinted by the 1992
Landers rupture, near the 1999 Hector Mine hypocenter and
to estimate the coupling between the two events (Fig, 150,
Significont coupling is expected, because the epicenter of
the Hector Mine earthquake is located within a distance of
i few fauli-widths from the Landers rupture, For the case
of the Hestor Mine earthquake, o simple nonth-northwest-
trending fault plane s assumed (Hurst er al, 20000, The
epicenter is locuted along the northern end of the faul plane
(Parsons and Dreger, 20000, The predicied change in Cou-
losmby stress along the rupture plane of the Hectar Mine earth-
quake 15 estimated for fault planes dipping Y07 (Hurst er al.,

Z0HHIy and 77° (Parsons and Dreger, 20000 east, The reported
hypocentrul depth s about 5 km (Dreger and Kaverina,
20HHY, Parsons and Dreger, 2000 Scientiss of the USGS o
al.,, 2008 and calewlations are performed for depths of 3.75
umgl 625 km because of the FEM configurstion, Salutions
are insensitive 0 variations in both dip and hypocentral
depih that we tested,

Precicted Coulomb stress changes near the Hector Mine
earthgquake hypocenter increase from (0,02 MPa (1992 Land-
ers coseismic response) 100,05 MPa (immediately preceding
the 1999 Hector Mine earthquake), This increase in Cou-
bomb stress 15 primanly due w the recovery of decreased
excess Muid pressune from the 1992 Landers coseismic strain
field (Fig, 9. The magnitde of the ransient change in Cou-
bombr stress is significant {Masterlark and Wang, 20000 and
i consistent with earthquake probabilities based on seismic-
ity data (Wyss and Wiemer, 20001, Studies indicating that
the 1999 Hector Mine earthquake occwrred in the siress
shadow of the 1992 Landers canbguake (e.2., Hauksson er
al, 1999 Wyas er afl, 1999 neglect significant iransient
effects, including poroelastic effects, during the T-year pe-
ried separating the two events,
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Conclusions

Chr preferred model imodel A explicitly reats the crast
as a system of homogensous iseiropic poroclastic and vis-
coelastic layers. The relatively simple conceptual model is
capable of simulating ransient deformation on a regional
scale, with only two adjustable parameters (viscosity of the
lower crust and diffusivity in the upper crust). This repre-
sents an alternative (o complicated half-space afterslip meosd-
els with numerous adjustable parameters and HEHS assump-
tions,

Two calibration parameters are consirained to within a
high level of precision. Lower-crust viscosity, 5 x 10"
Pa-sec, is determined to within a significant digit; upper-
crust diffusivity is calibrated to lie within a surprisingly tight
range of 107° to 107! m*sec™ ', depending on fluid-flow
specifications and boundary conditions. This suggests that

our meodel is relatively insensitive to the choice of either no
Auid Aow or zere excess Auid pressure boundary conditions
along the top of the problem domain, Based on near-field
poroelsstic deformation only, Peltzer er &l (1996) reported
a diffusivity on the order of | m*sec ™' for the step-overs
betwesn the three 1999 Landers rupture segments, This is
significantly higher than the values we determined based on
GPS near-field stanons LAW] and LAEL. The diffusavity
for the rock sample from which the poroclastic parameters
are taken (Table 1) i 107" m*sec™" (Wang, 20000, The
difference in spatial scales may explain this discrepancy, al-
though the rend is not consistent. Most likely, the higher
value reported by Peltzer ef al (1996) is due to local het-
ErgEneiLy.

Predictions from model E, based on Deng er ol (1998),
are consistent with observed GFS displacements for a single
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E| — 1992 492 ] (Fig. 12).
| == 19925 1 Dweng and Sykes (1997) conducted static coupling anal-
511':' — 9926 yses for faults in southern Califomia with superposition of
b | = 1993.0 ] HEHS solutions. Their study includes 200 years of secular
= b | — 10938 1 loading along with dislocations from large earthquakes. A
= 0.0 F| =—19030 | W E result of the stady is & regional seismic hazard forecast that
5 E — 1 007.0 suggests the next M, =7 eanhguake, following the 1992
E p | —1999.9 . Lamders event, in scuthern California would occur along the
a southern portion of the SAF within the next 50 years, The
<0.1F 3 micde] failed its first post-gpudit, however, by not predicting
C f ] the 1% M, 7.1 Hector Mine earthquake in the Mojave
] block.
: Melosterlark and Wang (2000} point out that changes in
‘ﬂﬂu 1lﬂ ﬂ:ﬁﬁj:ll Coulomb stress are often caleulated wsing the assumption
SSE (NNW| thutf Huid pressures are proportional to the faolt-nommal
l ) Distance along HM, km stress, rather than the mean-normal stress wsed in standard
Figure 15. Evolution of Coulomb stress, Hector porcelastic theory, Furthermore, these caleulations often in-

Mime earthguake. The change in Coulomb siress
along the Hector Mise rupbare plane (from the S5E
end 1o the MNW end) mereased more than 0 near
e epicenter daring the 7-yr merval following the
19492 Landers earthquake.

time-step, Although model E simulates observed GPS de-
formation for the 3.4-yr ime-step with a lower-crust viseos-
ity of 3 » 10", it cannot match the short-time deformation
because the initial ransient response 15 nod large enough,
The lower-crust viscosity determined for model E 15 there-
fore dependent on the chosen time-step. For example, if a

clude drained maoterial property specifications, on assump-
tion inconsistent with the inclusion of nonzers fluid-pressure
effects implisd by effective coefficients of friction (eg.,
Coulomb 20 [Toda er gl 2001]) Coulomb siress calcula-
Homs redquire precise determinstions of stress and fluid pres-
sure, both of which can evolve significantly over time.
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